ABSTRACT. The success of a plant breeding program depends on its ability to develop and release new cultivars with superior performance and capability to withstand biotic and/or abiotic stresses. We evaluated the genotype by environment interaction for grain yield in conventional early maturity soybean genotypes, grown in 15 environments (municipalties) distributed in five Brazilian states, to determine adaptability and stability of the genotypes. The experiments were carried out in the
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MATERIAL AND METHODS
The experiments were carried out in 15 environments in five Brazilian states (Goiás, Maranhão, Mato Grosso, Piauí, and Tocantins), in 10 municipalities (Alto Taquari-MT, Balsas-MA, Bom Jesus-PI, Currais-PI, Lucas do Rio Verde-MT, Porangatu-GO, Porto Alegre do Norte-MT, Porto Nacional-TO, Querência-MT, and Urutaí-GO) ( Table 1) . We used 28 soybean early maturity genotypes, composed of 23 lines developed by the soybean breeding program at the Federal University of Uberlândia and five checks M-SOY 6101, M-SOY 8001, Emgopa 316, UFUS Guarani, and UFUS Riqueza. The experimental design used was randomized complete blocks with three repetitions for all experiments. Each experimental plot was formed by four soybean plant rows 5 m long, spaced 0.5 m within rows. The useful area was composed of the two central lines, wherein 0.5 m from each edge was discarded, resulting in a useful plot of 4 m 2 . Before sowing, the seeds were treated with fungicide (fludioxonil + Metalaxyl-M) and insecticide (thiamethoxam), both at a dosage of 200 mL of the commercial product per 100 kg of seeds.
Twenty seeds were sown per linear meter, three centimeters deep. Thinning was performed at V1 stage (Fehr and Caviness, 1977) , reserving 12 to 13 plants per linear meter and a population of 240 to 260 thousand plants ha -1 . Regarding crop operations, for weed control, we used pre-emergent and post-emergent herbicides. Diseases and pests were controlled according to technical recommendations for a soybean crop (Empresa Brasileira de Pesquisa Agropecuária -Embrapa, 2013). Plant harvesting was carried out manually and processed with a soybean thresher. The grain yield (Y) was achieved through harvesting each useful plot and weighing the grains after being processed. Data obtained (grams per useful plot) were transformed into kg.ha -1 and grain yield corrected to a moisture content of 13%, following the equation below: For statistical analyses, analyses of variance (ANOVA) were run for each experiment. Subsequently, we evaluated the homogeneity of residual variances by the quotient between the highest and lowest mean-square error (MSE) of each individual experiment, considering seven as the limiting value for this quotient in order to carry on with the joint statistical analyses according to what was described by Ramalho et al. (2012) .
A joint analyses of variance was conducted, adopting as fixed effects the genotypes and environments, as described below:
Which is: µ: grand mean G i : genotype effect i E j : environment effect j GE ij : effect of genotype and environment interaction B/E jk : effect of block k within environment j ε ijk : random error. From the joint analyses of variance data, the genotypic determination coefficient (H 2 ) was estimated, based on:
Which is: H 2 : genotypic determination coefficient;
∅ : quadratic genetic component; MSG: mean square of genotype; MSE: mean square error; r: repetition number. The study of G x E interaction was done using decomposition into a complex between pairs of environments, in line with what was described by Cruz and Castoldi (1991) . Therefore, the complex part was represented by the expression:
Q1 and Q2 is the correspondence to the genotypic mean square in environments 1 and 2, respectively, and r, the correlation between the genotypic means in both environments. The phenotypic correlation between pairs of environments was estimated by:
Côv(Y IJ ,Y IJ ): phenotypic covariance of an X characteristic accessed in environment j and j'; V Y j : phenotypic variance of an X characteristic in environment j; and V Y j' : phenotypic variance of an X characteristic in environment j'. The genotypic correlation between pairs of environments was achieved through the estimator:
: genetic variability of an X characteristic between environments j and j'; and ϕ ga(jj') : interaction variability.
The statistical significance of the phenotypic correlation coefficient was tested by a t test at 5% probability. Once the significant G x E interaction wasdetected, phenotypic adaptability and stability analyses were run by Wricke (1965) , Eberhart and Russel (1966) , Lin and Binns (1988) modified by Carneiro (1998) , Annicchiarico (1992) , Centroid (Rocha et al., 2005) , and AMMI (Zobel et al., 1988) methods.
Statistical analyses were performed with the program Genes (computational application in genetics and statistics) (Cruz, 2016) , and stability (Ferreira, 2002) .
RESULTS AND DISCUSSIONS
Based on individual variance analyses, we examined the possibility of soybean line selection based on grain yield potential in most environments. This was possible due because of significant genetic variability (F test, Table 2 ). Torres et al. (2014) , found similar results finding genetic variability among soybean cultivars for grain yield trait, as was observed in the localities of Porangatu -GO, Balsas -MA, Bom Jesus -PI, and Urutaí -GO. The coefficient of variation fluctuated between 15.37 and 30.30%, being classified as medium to high, according to Pimentel-Gomes (2009) . In field experiments, values of CVs are considered as low (<10%), medium (10% to 20%), and high (20% to 30%). The CV values found in our study resemble those of other studies with soybeans (Vasconcelos et al., 2015; Romanato et al., 2016) .
The quotient between the highest and the lowest mean square error of the individual variance analyses (Table 2) was 3.95, indicating the possibility of doing joint variance analyses, which can be found in Table 3 , for the 15 environments. We noticed significant effects for genotypic and environmental factors with a significant interaction between them (F test, P<0.01). Other studies on soybeans, including Barros et al. (2012) , Hamawaki et al. (2015) , Soares et al. (2015) , Vasconcelos et al. (2015) , Teixeira Júnior et al. (2015), and Romanato et al. (2016) , also reported a significant G x E interaction for grain yield.
The genotypic determination coefficient shows the proportion of phenotypic variability attributed to genetic causes. The value of 79.44% (Table 3) is of high magnitude for the grain yield trait, which agrees with what was proposed by Cruz et al. (2012) . Our study resembles that of Soares et al. (2015) , who estimated 78.72% when evaluating 38 soybean cultivars over two growing seasons in Minas Gerais state. The occurrence of a G x E interaction indicates that grain yield of genotypes varies with changes in the environment. In this scenario, the study of G x E interactions is important to determine their nature. By, it is possible to observe that The G x E interaction was predominantly of a complex nature (Table 4) as the decomposition of the complex part of the G x E interaction by the Cruz and Castoldi (1991) method, generally was above 50%. Table 4 . Decomposition estimates of G x E interaction's complex part (in %) by the Cruz and Castoldi (1991) method (below the diagonal) and classification of the interaction between simple and complex (above the diagonal), in the analyses of 28 early maturity soybean genotypes in 15 environments. 
A 4 083.42 088.69 099.67 -
A 5 067.32 092.51 085.27 078.67 -
A 6 105.52 088.50 099.08 090.15 071.22 - The estimates of genotypic correlations between all environmental combinations overcame the phenotypic correlations, which is explained by a high genetic variability for grain yield in most environments (Table 5) . Nevertheless, the estimates of genotypic and phenotypic correlations were of low magnitude, which is below 0.70. This demonstrates the inconsistency of genotypic superiority when there is environmental variation (Cruz et al., 2012) , making it difficult to recommend lines and cultivars. Similar results were reported by Barros et al. (2012) , who studied 29 soybean genotypes in six different environments in the state of Mato Grosso. : non-significant; * and **: significant at 5% and 1%, respectively, by the t test. The environmental indexes and the classification of the environments; 40% of which were classified as favorable, are shown in Table 6 . Unfavorable environments occur due to an influence of the environment, which in this case can negatively compromise soybean yields through biotic or abiotic stresses. Similarly, in evaluating the agronomic performance of soybean cultivars over two growing seasons in the Cerrado biome, Alcântara Neto et al. (2012) mentioned the occurrence of water deficit from the beginning of the vegetative stage to the beginning of flowering and pod filling. Consequently, this led to a yield reduction in the soybean cultivars during both of these growing seasons. Using the Wricke (1965) methodology, we determine the genotypic stability using the invariance principle; in other words, the genotypes that contribute less to the G x E interaction (Cruz et al., 2012) . In, it is shown the estimates of Wi parameters oscillated from 0.89 to 8.33% (Table 7) .
These were used to identify the most stable genotypes: UFU 22, UFU 09, UFU 08, UFU 18, and UFU 21. In contrast, the least stable genotypes were Emgopa 316, UFU 01, UFU 06, M-SOY 8001, and UFUS Riqueza. Among the least and most stable genotypes, the ones with higher grain yield were mostly involved. These results are similar to some findings of Gonçalves et al. (2007) who analyzed 28 soybean genotypes with the same methodology; they found superior values of Wi for the most productive soybean lines.
The stability accessed by the Annicchiarico (1992) method refers to genotype superiority measurement in relation to the mean of each environment and it is based on the estimation of the Wi confidence index. Regarding the general classification, it was observed that the most stable lines were UFU 07, UFU 09, UFU 06, UFU 05, and UFU 21, whose confidence indexes were superior to 100% (Table 7) . Additionally, concerning the specific adaptation to favorable environments, UFU 06, UFU 05, UFU 07, UFU 09, and UFU 08 were the featured genotypes. Yet, in relation to unfavorable environment adaptability, UFU 21, UFU 07, UFU 09, UFU 17, and UFU 18 stood out from the other genotypes. Carvalho et al. (2013) also adopted the Annicchiarico (1992) methodology in studies of soybean genotypes cultivated in eight environments in the state of Tocantins. They achieved confidence indexes superior to 100% in the wide, favorable and unfavorable classifications. Table 7 . Grain yield and stability parameters based on Wricke (1965) and Annicchiarico (1992) According to Eberhart and Russel (1966) , the ideal genotype is the one that shows wide adaptation (B 1 = 1) and high stability (regression deviation variance equals to 0). On account of this, the genotypes UFU 07, UFU 08, UFU 09, UFU 18, UFU 19, UFU 21, and UFU 22 fit into this classification and beyond that, they also showed coefficient (R 2 ) of regression superior to 70% (Table 8) , confirming the high behavior predictability of these lines. The most productive genotypes were: UFU 07, UFU 08, UFU 09, UFU 21, and UFU 22, with grain yields superior to 3800 kg.ha -1 . Therefore, these genotypes can respond in a satisfactory manner to environmental enhancement and, at the same time, show high yield capacity in favorable and unfavorable environments (Carvalho et al., 2013) .The Eberhart and Russel (1966) method also allow identifying genotypes with specific adaptation to favorable (B1 > 1) and (B1 < 1) unfavorable environments.
Lines UFU 01, UFU 06 and the cultivar UFUS Riqueza were adapted to favorable environments; however, all of them showed low stability since the variance of regression deviation was significant (Table 8) . Considering the genotypes adapted to unfavorable environments, the highlighted genotypes were UFU 12, UFU 14, UFU 16 and the cultivars Emgopa 316 and UFUS Guarani, but only the UFU 12 line exhibited non-significant regression deviations, and both high predictability and R2. These results agree with findings by Carvalho et al. (2013) , who observed high behavior predictability and grain yield for one out of two cultivars with specific adaptation to favorable environments.
The non-parametric Lin and Binns (1988) , modified by Carneiro (1998) , method, allows analyzing the adaptation and stability of genotypes through only one parameter (Pi) ( Table 8) . Regarding wide adaptation, the highlighted lines UFU 07, UFU 06, UFU 09, UFU 05, and UFU 18 revealed lower estimates for general Pi parameter and a high grain yield average. Romanato et al. (2016) , studying 30 soybean genotypes in Goiás state, also adopted the Lin and Binns (1988) , modified by Carneiro (1998) method to classify genotypes as to stability. The lines UFU 06, UFU 05, UFU 07, UFU 08, and UFU 03 presented specific adaptation to favorable environments by the Lin and Binns (1988) , modified by Carneiro (1998) method. Yet, adaptation to unfavorable environments was detected to lines UFU 07, UFU 21, UFU 17, UFU 09, and UFU 18 because they showed lower unfavorable Pi values (Table 8) . Table 8 . Grain yield and parameters of stability and adaptability by Eberhart and Russel (1966) , and Lin and Binns (1988) method modified by Carneiro (1998) The Centroid method consists in comparing the values and the Cartesian distance between the genotypes and four ideal genotypes classified as ideotypes. It allows the classification of these genotypes (Table 9) as widely adapted, specifically adapted to unfavorable and favorable environments, and low adapted (Rocha et al., 2005) . Among the genotypes, 43% presented wide adaptation, among them, UFU 02, UFU 05, UFU 06, UFU 07, and UFU 09 stood out for their high yield, indicating the possibility of recommendation for all tested environments (Table 9 ). On the other hand, Barros et al. (2012) found that 31% of soybean genotypes were positioned in group I. In research with soybean lines and cultivars in six locations in Mato Grosso state, Barros et al. (2010) confirmed the predominance of genotypes with general adaptation. Five genotypes, whose grain yield oscillated from 3408 to 3720 kg.ha -1 (cultivar UFUS Riqueza and line UFU 06, respectively) were classified with specific adaptability to favorable environments (Table 9) . As a matter of fact, lines UFU 14, UFU 17 and cultivars M-SOY 6101, Emgopa 316, and UFUS Guarani, were adapted to unfavorable environments with a grain yield average fluctuating from 3380.61 to 3614.22 kg.ha -1 , between UFUS Guarani and M-SOY 6101, respectively (Table 9 ). In studies with soybean cultivars in Minas Gerais state, Marques et al. (2011) found that the cultivar UFUS Guarani was classified with wide adaptability, whereas UFUS Riqueza was classified with low adaptability. This differs from the results found in our study. The low adapted genotypes were 21% of the total, with UFU 15, UFU 16, and UFU 13 having the lowest grain yield average: 3242.50, 3326.02, and 3354.84 kg.ha -1 , respectively (Table 9) . Pelúzio et al. (2010) using the Centroid method, detected that among all genotypes evaluated in Tocantins, 20% were classified as low adapted, similar to what we found.
According to Rocha et al. (2005) , probability values close or superior to 0.50 indicate good reliability for genotypic groupings in relation to ideotypes. In our study, the probability values allowed us to classify the genotypes into groups that oscillated from 0.26 to 0.36 (Table 9) .
With the aim to make inferences about the stability of genotypes by AMMI analyses (Zobel et al., 1988) , the genotypes were represented on a Cartesian plane with both first principal components (CP1, CP2) (Figure 1 ).
In the decomposition of G x E interaction by the AMMI method, the principal components 1 and 2 were significant at 1% level of probability by the F test, which is also explained by both components being superior to 90%. These results are similar to what was found by Meotti et al. (2012) and Sousa et al. (2015) . The interpretation of stability is made by analyzing the plotted dots of genotypes that are considered more stable when positioned close to the origin. The closest lines to the origin were UFU 16, UFU 13, UFU 22, UFU 21, and UFU 17, but only UFU 21 and UFU 22 revealed the highest grain yield averages compared to the others. By doing a comparative analysis between the methodologies in this study of adaptability and stability, the line UFU 21 was classified as having wide adaptation by Eberhart and Russel (1966) and Annicchiarico (1992) methods, as well as being classified as stable by Wricke (1965) and AMMI methods. The same was found for line UFU 22, except for the Annicchiarico (1992) method.
Considering the concomitant methods Annicchiarico (1992) , Eberhart and Russel (1966) , and Lin and Binns (1988) , modified by Carneiro (1998) , line UFU 06 is adapted to favorable conditions. Furthermore, considering Annicchiarico (1992) and Lin and Binns (1988) , modified by Carneiro (1998) , lines UFU 5, UFU 7, and UFU 8 also are adapted to favorable environments. Regarding the classification in unfavorable environments, Annicchiarico (1992) and Lin and Binns (1988) modified by Carneiro (1998) methods were coincident in classifying the genotypes; also line UFU 17 was classified as adapted to favorable environments by the Centroid method. Carvalho et al. (2013) stated that the usage of concomitant methods such as Eberhart and Russel (1966) , Lin and Binns (1988) modified by Carneiro (1998) , and Annicchiarico (1992) allows enhanced reliability in the classification and recommendation of soybean cultivars to certain environments. Teixeira agreed with this strategy including the use of the Centroid method (Rocha et al., 2005) .
CONCLUSIONS
The G x E interaction for grain yield in soybean was of complex nature in the analysis of 28 conventional early maturity genotypes grown in 15 localities in five Brazilian states. Annicchiarico and Lin and Binns, modified by Carneiro analyses were similar in the classification of genotypes that stood out regarding wide and specific adaptability to favorable and unfavorable environments.
Wricke, Eberhart and Russel, and AMMI methods identified the lines UFU 21 and UFU 22 as being the most stable, both showing grain yield standards superior to 3,800 kg.ha -1 . UFU 06 line gave an average of grain yield higher than 4,000 kg.ha -1 and showed wide adaptability by the Annicchiarico and Lin and Binns method, modified by Carneiro, and the Centroid method.
